Abstract Red locusts frequently cause crop damage in Madagascar. This problem has worsened in recent years, likely due to the intensive deforestation that is under way. Little is known about this locust In Madagascar, contrary to continental Africa. Several studies have been carried out in southwestern Madagascar, where locust damage is regularly reported, with the aim of determining the cause of recent outbreaks and improving control strategies-they included surveys of rural inhabitants and an analysis of over 25 years of archival data at the Centre national antiacridien (Malagasy locust control centre). The results revealed several zones between which the red locust-a single-generation species that undergoes imaginal diapause in the dry season-seasonally migrates on a northeast to southwest track, and vice versa, depending on rainfall and wind patterns. The migration dynamics and interannual variations associated with rainfall irregularity certainly partially account for the recurrence of red locust outbreaks in Madagascar.
The red locust, Nomadacris septemfasciata (Serville 1839), is a long-standing crop protection problem in Madagascar. The first flights of gregarious locusts were reported in the 1930s (Frappa 1935 (Frappa , 1936 . This species has continued to be a major concern due to the extent of crop damage it inflicts and its spectacular migratory flight movements. After the migratory locust, Locusta migratoria capito (Saussure), it is the second-ranking economically detrimental locust species in Madagascar (Têtefort & Wintrebert 1967) . Large-scale red locust outbreaks recently occurred in conjunction with the migratory locust plagues of 1996-2000. For the first time, these outbreaks were responsible for damaging crops throughout northern Madagascar, likely also influenced by the increase in human activities in this zone . Few studies have, however, focused on the status of this species in Madagascar, apart from those of Frappa beginning in the 1930s (1935, 1936, 1938, 1947) , and Wintrebert (1963, 1967) , and Randrianasolo (1978) ; the latter studies were conducted in the vicinity of Betioky, at the southern tip of the island, around the Malagasy locust control centre. It is hard to design a suitable control strategy because of the many unknown factors. The present paper reports the results of surveys conducted in rural communities in Madagascar and of analyses of data collected by the locust control service regularly in the field for several years.
Materials and Methods

The red locust
The red locust is well known throughout central and southern Africa (COPR 1982; FAO 1967) . This species undergoes phase transformation and its outbreak areas are mainly located in the Great Lakes region of East Africa, in Tanzania, Zambia, Malawi and Mozambique (Bahana 1999; Bahana & Byaruhanga 1999) . The red locust is found throughout Madagascar, but apart from frequent reports of swarm activity no real invasion were previously noted. Unlike the migratory locust, which has a clearly defined outbreak area, the red locust just has an area where individuals group and sometimes exhibit gregarious behaviour in southwestern Madagascar. However, we recently showed that this locust can occur in the gregarious phase in Madagascar. This refutes the long-standing assumption that there are no gregarious red locusts on the island and that only solitary and transiens forms occur due to the prevailing ecological conditions, which are supposedly less favourable for outbreaks than in Africa (Franc et al. 2005) . In Madagascar, the lifecycle of the red locust has only been documented for the BetiokySud region, where this species produces just one generation a year. Mating and egg laying occur in November and December, at the onset of the rainy season, which lasts until April. Female red locusts generally lay eggs twice or three times, with a clutch of 20-100 eggs for gregarious locusts and 20-195 eggs for solitary locusts. The eggs hatch after 24-36 days of incubation. The nymphs begin appearing in December. The larval development period (6 moults) lasts almost 2 months (range 50-70 days) and the new-generation adults appear in April. They enter diapause to survive through the dry season (April-September), likely in refuge zones located away from breeding areas where population densities are very low during the dry season (Descamps & Wintrebert 1966; Randriamanantsoa 1998; Randrianasolo 1978; Têtefort & Wintrebert 1963) .
Study area
The studies were carried out in southwestern Madagascar, in an area that is regularly monitored by scouts from the Malagasy locust control centre and corresponding to the traditional boundaries of the migratory locust outbreak area. This 60000 km² area extends between Mangoky and Mandrare rivers in the most arid part of Madagascar. The annual rainfall level is around 1000 mm in the central highland foothills of the northern sector, and only 300 mm along the coasts at the southern tip of the island. The mean monthly temperatures are around 27°C during the hot dry season and 19°C in the cool rainy season. Northerly and northeasterly monsoon winds blow through this region during the rainy season. The winds switch direction (southsouthwesterly) during the dry season, from May to October. The steppe and savanna vegetation in the northern zones changes to wooded vegetation (xerophilic bush) along a fringe of about 100 km on the southwestern coast. This area has been affected by intensive deforestation and the native vegetation has been replaced in several areas by grassy formations, croplands and more or less wooded wastelands (Duranton 1975) .
Field surveys of rural inhabitants
Surveys were undertaken to determine the spatial distribution of the red locust and its general lifecycle patterns in different ecological zones in southwestern Madagascar. The survey questionnaire focused on the presence or absence of nymphs and adults, mating and egg laying for different months of the year.
The survey itinerary was designed to monitor regions where red locusts are frequently present, and where there was a broad range of different ecological conditions, ranging from plains to coastal plateaus, to the edge of the central highlands (which are supposed to host diapausing adults during the dry season). Local survey sites were selected on the advice of experienced scouts from the locust control centre. Following a test period from February to July 2001 when surveys were conducted in a few villages in the Betioky region, many villages were surveyed throughout southwestern Madagascar and 127 survey cards were filled in. Smallholders were interviewed directly or, more generally, village authorities accompanied by several farmers were interviewed. A consensus response was recorded when several participants were involved. The interviewers focused especially on the quality of the species identifications (based on locust photographs or specimens) to avoid confusion with migratory locusts. Common names of the two species were recorded (as an indicator of the extent of local awareness on the species), and we also checked that distinctions between nymphs and adults were correct. The questions were asked in Malagasy and in different ways to ensure that the interviewees fully understood the questions. The regions of Edjeda, Tuléar, Betroka, Ankaroabato and Ihosy were surveyed. Only the southern tip of the island (Androy) was not surveyed due to a lack of time and resources.
Analysis of Malagasy locust control centre archives
The Malagasy locust control centre has many archives that have been stored since the late 1950s. They pool results of surveys of both Locusta and Nomadacris populations that have been conducted regularly at more than 200 sites throughout southwestern Madagascar. The collected data concern per-hectare nymph and adult densities and the age structure of locust populations. Some stations were only monitored for a year, while others were monitored regularly over a period of more than 20 years. These archives have been gradually deteriorating and many data cards have been lost due to the very poor storage conditions. Information that has been recuperated from the cards is now documented on electronic files in a new database. For the analysis, we selected a set of 22 localities for which quality data were available for periods ranging from 6 to 23 years (mean 15 years), between 1974 and 1997. At each locality, the mean annual red locust population dynamics was established by examining density variations for the different nymph and adult instars (fledgling locusts, immature females, mature nulliparous females, females that had already laid eggs). A few simple indices were calculated to characterize breeding patterns during an average year: dates of arrivals of allochtonous populations at the onset of the rainy season (sudden increase in adult population densities with no nymphs present during the previous period), maximum nymph and adult densities, date of first hatching, and various indices to help evaluate the mean breeding success as well as the success of embryonic and larval development. Generally, the populations monitored were of low density, often less than 1000 adults/ha, thus much lower than the phase transformation threshold, which is estimated to be around 5000 adults/ha (Franc et al. 2005; Spurgin & Chomba 1999) . Red locusts could thus be considered as a solitary species, apart from a few exceptional situations (local outbreaks and gregarious behaviour noted at some sites during some years).
Results
Surveys in rural communities
The survey results revealed that the inhabitants of southwestern Madagascar know the red locust well and they call it valala mena, literally meaning "red locust" in Malagasy. In some areas, it goes by other names (gadondoha, bekapaky, gapanga, dara mena, kimendry, etc.) , and a few proverbs confirm the importance of problems induced by this species in the region. Everyone interviewed claimed that it is a major pest of maize and a broad range of other monocot and dicot crops (e.g. cassava), and that it prefers humid areas with heavy soils.
A comparison of the seasonal distribution of the three biological phases of the locust revealed that their distributions varied in the study area. In some zones, there was an almost complete absence of nymphs, whereas in others many mature breeding adults were present at the onset of the rainy season, with a very high number of nymphs during the rainy season. On the basis of these differences, we delineated three types of locality in three very distinct geographical areas (Fig. 1) . For each of these areas, variations in the monthly percentages of reports of nymphs, immature adults and mating/egg laying highlighted the lifecycle trends (Fig. 2) .
In the first area, located along the southwestern coast between Manja and Edjeda, the species was hardly ever detected during the dry season, between July and September (Fig. 2C ). There was a subsequent marked increase in reports of mating/egg laying adults between September and November-likely due to an inflow of allochtonous adults-and nymphs were abundant during the rainy season. Reports of immature adults peaked in March/April, followed by a very sharp decline between May and June (emigration of adults that had been born in the region), and populations remained very low throughout the dry season.
The second area was located at the edge of the central highlands, between Ankaramena and Betroka ( Fig. 2A) . Immature adults were mainly reported between March and September. Very little breeding occurred in this area: almost no mating was noted and the frequency of nymph reports was very low during the rainy season. No nymphs were reported at many survey sites (mainly around Betroka and the Horombe plateau).
Finally, in the zone separating the first two areas, between Berenty and Beraketa, an intermediary pattern was noted (Fig. 2B ): more reports of mating/egg laying adults at the onset of the rainy season, many nymphs present during the rainy season from December to March, and immature adults present in February/ Locality, name of the locust control station surveyed; N, number of years for which data were available in the Malagasy locust control centre archives for the 1974-1997 period; D max N, D max A, maximum mean density of nymphs and adults; App. N, date when the first nymphs appeared; AG0, AG1, maximum mean density of adults for n (G0) and n+1 (G1) generations, respectively; NG0, NG1, maximum mean density of nymphs for n and n+1 generations, respectively.
March, which did not disappear as suddenly in the dry season. The frequency of immature adult reports ranged from 20 to 40% between June and September in this area, so the pattern was midway between that noted in the two other areas.
Locust control centre archives
For the 22 selected survey stations, breeding indices for an average year were calculated (Table 1) , mapped and compared with the rainfall patterns (Fig. 3) .
The first eggs hatched earlier in northeastern regions (as early as December) than at sites located in southwestern Madagascar where, on average, they hatched between January and February ( Fig. 3.1) . No hatching was observed along the coast at the southwestern tip of the island.
The map shown in Fig. 3 .2 highlights the relationship between the maximum nymph density between January and April (G1 filial generation) and the maximum adult density (G0 parental generation) in November and December. This index could be used to assess the breeding success of allochtonous adults that land in rainy season breeding areas. It could generally be used as an index of embryonic development success (while also integrating ovarian function success). It was maximal (> 10) in an area extending in an arch paralleling the southwestern coastline, from 50 to 100 km inland. It was less than 10, on average, in the two peripheral zones to the east and west, and nil (no or very little breeding) at the eastern end, along the edge of the central highlands and along the coastal side of Mafafaly and Antandroy regions, in the southernmost part of the island. Mean date of first hatching (1); mean indices of success of embryonic development (2), of nymph development (4) and of breeding overall (6); mean maximum densities of nymphs (3) and adults (5); zoning of south-western Madagascar obtained by overlapping the previous maps (7) (1 to 5: ecological zones; arrows indicate seasonal migrations); mean annual rainfall (8). The optimal breeding zone is roughly located in regions where mean annual rainfall levels range from 500 to 700 mm. NB. The edges of the dry season refuge zone were determined on the basis of the field survey results, not the archival analysis results (not available for this zone).
A similar index was calculated for larval development (Fig. 3.4) . The ratio between the maximum density of young immature G1 adults in April-May and the maximum density of G1 nymphs present between January and April provided an estimate of the extent of larval development success of the G1 generation. We also noted an arched distribution parallel to the southwestern coastline. On average, this index was maximal (> 0.25, or less than 75% nymph mortality) along a broad median strip. It was less than 0.25 along the western edge of this zone, and nil (due to the almost complete absence of breeding females) on the southwestern coastal plain.
Finally, the ratio between the maximum density of young immature G1 adults in April-May and the maximum density of G0 adults in November-December was used to estimate the overall local breeding success at a given station, from the time when allochtonous adults arrived at the onset of the rainy season to the time when adults of the filial generation began leaving their breeding area (Fig. 3.6 ). This index was positive (more abundant filial population than the parental population) along a broad band arching parallel to the southwestern coastline. It was less than 1 west of this area and nil at the eastern and western ends (Mahafaly and Antandroy coastal plain).
Combining these different indices and overlapping the previous maps allow us to distinguish five general zones (Fig. 3.7) . For each of these zones, the average lifecycle of the red locust was determined on the basis of archival data (Fig. 4) .
In the first zone, located in the northeast (zone 1 of Fig. 3.7) , no breeding was observed (Fig. 4a) . As there was no larval development, the increase in the density of immature adult populations between March and May could only have been the result of an inflow No nymphs were observed at the Betroka site. However, the survey results revealed some small-scale breeding events at some localities in this region (see Figure 2A) . of allochtonous locust populations. These adults disappeared at the end of the dry season (October/ November). They likely emigrated at a time when populations were reported to be arriving in adjacent areas. This zone 1 could be classified as a dry-season refuge zone. The immediately adjacent zone (zone 2) seemed to be a transition area were very little breeding and population movements were reported at the beginning and end of the rainy season (Fig. 4b) . A few adults were still present in the middle of the dry season, from July to September. In zone 3, substantial immigrant populations arrived at the onset of the rainy season (November/December), with a high breeding rate, and young adults emigrated at the beginning of the dry season (Fig. 4c) . The adult population disappeared during the dry season, except in some exceptional situations. This seemed to be the main red locust breeding zone in southwestern Madagascar. In zone 4, located southwest of the previous zone, there was also an inflow of allochtonous adults at the onset of the rainy season, but the breeding rate was lower (certainly due to the lower rainfall level). This could be classified as a secondary breeding zone. Finally, zone 5, located at the southernmost tip of the island, was colonized quite late, at the onset of the rainy season, by just a few adults (Fig. 4d) . No breeding was noted in this border zone. Most females that landed in this zone had certainly already laid eggs further north, and the very low local rainfall level (less than 400 mm/year) was likely not sufficient to ensure successful embryonic and larval development.
Discussion
Our results shed fresh light on the lifecycle of the red locust in Madagascar, whereas it had previously only been partially characterized for the Betioky region. This cycle could clearly be explained by seasonal migrations-over mean distances of around 200 kmbetween rainy-season breeding areas mainly located close to the southwestern coast, and dry-season refuge zones located on the edge of the central highlands and forest areas in the east coast region. Each of the five general zones delineated in the southwestern part of the island was found to have a specific lifecycle pattern, with remarkable seasonal complementarities relative to the lifecycles noted in neighbouring zones, which is evidence that the locusts were actually migrating between these zones. These conclusions are strongly supported by the striking similarity between the survey results and the results of the analysis of the archival data from the Malagasy locust control centre. Our results also confirmed the hypotheses of Têtefort & Wintrebert (1963) and Randrianasolo (1978) who had noted, at the onset of the rainy season in the Betioky region, sudden increases in adult red locust population densities-which could be explained by immigration phenomena-as well as sharp decreases in young adults at the beginning of the dry season-which they attributed to emigration of the population.
In Africa, a considerable amount of literature is available on the red locust in its outbreak areas (Bahana 1999 ) and the movement patterns of gregarious individuals are well documented (COPR 1982) . During the last major plague of 1927 -1945 , Morant (1947 described diurnal swarm migrations and inversions of flight directions according to seasonal variations in prevailing winds. However, little is known about the flight patterns of solitary red locusts. Various authors have observed seasonal movements of solitary populations according to the instability of ecological conditions, but mainly over short distances (Burnett 1951; Chapman 1959; Descamps 1953 Descamps , 1965 Davey et al. 1959; Golding 1934) . No information seems to be available on long-distance movements of solitary red locusts in their outbreak areas in Africa, or on potential dry-season refuge zones. Either these movements are of minor importance, or they occur but are not documented-the solitary phase is always more discrete and hard to study than the gregarious phase.
In Madagascar, these solitary movements likely take place at night, as is the case for migratory locusts (Lecoq 1975) and desert locusts in Africa (Popov 1969; Roffey 1963) . Red locusts have been caught in nocturnal light traps on several occasions (e.g. by Descamps 1965 , in the central Niger River delta region in Mali, and by Andrianasolo R.J., personal communication, in Madagascar). Such captures strongly suggest that red locust night flights occur, but there is still no formal proof of this.
These movements are obviously correlated with seasonal variations in rainfall conditions in southwestern Madagascar. Populations that emigrate between October and December, at the time when the monsoon front tracks southward, settle and breed in the main breeding area, where the mean annual rainfall ranges from 500 to 700 mm (Figs. 3.7 and 3.8) . Some breeding occurs in neighbouring zones, but they are generally either too humid (towards the northeast) or too dry (towards the southwest). Zones where the rainfall level is less than 300 mm are unsuitable for red locust breeding. Zones where the rainfall level is above 900 mm are shunned by adults in the rainy season and no (or very little) breeding occurs. More in-depth studies are needed to identify the factors that trigger these migrations. The first evidence indicates that at the onset of the rainy season, as the intertropical front tracks southward, locust movements undoubtedly occur as a result of the increasingly heavy rainfall and northerly winds. Rather than being triggered by the end of the rains, the return migration northward to dry-season refuge zones seems to coincide with the inversion of the winds (which become southerly) and the sudden drop in the relative humidity, well before the vegetation begins drying out ). This average seasonal migration pattern should naturally vary between years according to rainfall variations.
In addition, a specific breeding index was noted for each of the five zones in southern Madagascar, thus indicating differences in the suitability of the ecological conditions for red locusts. Here again, these indices were likely substantially influenced by the annual rainfall patterns. The first in-depth observations at a few sites in the main breeding zone, where adults grouped to lay their eggs between October and December, revealed that dry spells during the rainy season caused high embryonic mortality, thus explaining the very low breeding rates for some years, whereas there was excellent population growth when the rainfall distribution was regular. In Africa, many authors have shown that the embryonic phase is the susceptible part of the red locust lifecycle and that a dry spell just after the first eggs are laid is clearly the main factor responsible for breeding failure (Albrecht 1956; Du Plessis 1937 , 1938 Gunn 1956; Hemming 1964; Lea & Webb 1939) .
Finally, such locust migrations under the influence of seasonal rainfall and wind patterns are comparable to those of the migratory locust, the main pest locust of Madagascar, where this phenomenon is much better documented (Launois 1974; Lecoq 1975 Lecoq , 1995 . The annual cycle of this species, which has 4-5 generations per year in the solitary phase, involves a continuous series of migratory movements. These movements are linked with seasonal rainfall patterns, especially for zones with a monthly precipitation level ranging from 50 to 150 mm. At the onset of the rainy season, locust populations migrate along a NNE-SSW track, and this pattern is reversed as the cool dry season approaches. These migrations of solitary locusts often lead to high locust concentrations in some areas at the onset of the rainy season, thus promoting gregarious behaviour and accelerating outbreaks (Lecoq 1975) . Our results indicate that this pattern likely also applies to the red locust, whose migratory movements result in clustering individuals in areas favourable for breeding. However, the fact that this species only has one generation per year in Madagascar means that these movements can only occur at the beginning and end of the rainy season. This must reduce the species' potential for adaptation to irregular rainfall conditions, which could partially explain why red locust outbreaks are less common and smaller in comparison to those of migratory locusts. Other factors obviously should be taken into account, especially the higher outbreak threshold, i.e. around 5000 adults/ha for red locusts and 2000 adults/ha for migratory locusts (Franc et al. 2005) .
